Predictive performance of physiologically based pharmacokinetic (PBPK) and population pharmacokinetic (PopPK) models of drugs predominantly eliminated through kidney in the pediatric population was evaluated. After optimization using adult clinical data, the verified PBPK models can predict 33 of 34 drug clearance within twofold of the observed values in children 1 month and older. More specifically, 10 of 11 of predicted clearance values were within 1.5-fold of those observed in children between 1 month and 2 years old. The PopPK approach also predicted 19 of 21 drug clearance within twofold of the observed values in children. In summary, our analysis demonstrated both PBPK and PopPK adult models, after verification with additional adult pharmacokinetic (PK) studies and incorporation of known ontogeny of renal filtration, could be applied for dosing regimen recommendation in children 1 month and older for renally eliminated drugs in a first-in-pediatric study.
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Predictive performance of physiologically based pharmacokinetic (PBPK) and population pharmacokinetic (PopPK) models of drugs predominantly eliminated through kidney in the pediatric population was evaluated. After optimization using adult clinical data, the verified PBPK models can predict 33 of 34 drug clearance within twofold of the observed values in children 1 month and older. More specifically, 10 of 11 of predicted clearance values were within 1.5-fold of those observed in children between 1 month and 2 years old. The PopPK approach also predicted 19 of 21 drug clearance within twofold of the observed values in children. In summary, our analysis demonstrated both PBPK and PopPK adult models, after verification with additional adult pharmacokinetic (PK) studies and incorporation of known ontogeny of renal filtration, could be applied for dosing regimen recommendation in children 1 month and older for renally eliminated drugs in a first-in-pediatric study. CPT Pharmacometrics Syst. Pharmacol. 
Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? þ Allometric scaling via PopPK can reasonably extrapolate drug clearance for children older than 6 years old from adult PK data. PBPK models can be used to predict the clearance of children in younger age groups.
WHAT QUESTION DID THIS STUDY ADDRESS?
þ We developed PBPK models and conducted simulations using PopPK models to predict exposure of renally cleared drugs in children across all age groups and systematically characterized the predictive performance of two approaches.
WHAT THIS STUDY ADDS TO OUR KNOWLEDGE þ PBPK and PopPK modeling can reasonably predict PK of renally eliminated drugs in children 1 month and older. HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, AND/OR THERAPEUTICS þ Our systematic characterization supports use of PBPK or PopPK models to guide pediatric clinical trial design for renally cleared drugs in children 1 month and older.
In 2007, the Best Pharmaceuticals for Children Act and the Pediatric Research Equity Act under the US Food and Drug Administration (FDA) Amendments Act were implemented to encourage better understanding of drug safety and efficacy in children.
1 Physiologically based pharmacokinetic (PBPK) and population pharmacokinetic (PopPK) are two modeling approaches often used to characterize pediatric pharmacokinetic (PK) 2 and to support clinical trial design in children. 3, 4 Mechanistic PBPK models are parameterized with system-related and drug-specific information. 5 With appropriate calibration using clinical studies, PBPK models can provide a reasonable extrapolation to populations in which clinical data are not available. 6 Although PBPK modeling application in pediatrics has been actively investigated in both academia and industry 7, 8 and has been increasingly used to support drug submission to regulatory agencies, 9,10 the systematic evaluation of the accuracy of prediction using the PBPK modeling approach in patients <2 years old is still lacking. Recently, researchers were able to predict the acetaminophen concentration-time profile in neonates using a PBPK model developed and validated with adult and pediatric clinical PK results.
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A "learn-and-confirm" strategy is well accepted when developing a pediatric PBPK model. 9, [11] [12] [13] General work flow starts with model development using drug-specific physicochemical properties, in silico, in vitro, and preclinical data to build a model in adults. The initial PBPK model will then be verified/refined using available clinical observations in adults. Finally, pediatric PBPK modeling is achieved by applying ontogeny of enzymes or renal function and other age-dependent physiological information, such as liver blood flow. The optimized models can then be used to guide dose selection, sampling time in a first-in-pediatric study design, and subsequently, the reliability of PBPKbased prediction of drug exposure may be further evaluated when pediatric clinical data become available.
Pediatric PopPK modeling has been a conventional approach to support clinical trial design and dosage selection in children. 2, 14, 15 The analysis was conducted using 39 drugs and suggested that drug clearance can be reasonably extrapolated to children older than 6 years from adult clearance through an allometric scaling approach. 16 With the consideration of allometric scaling and incorporation of the maturation profile of the glomerular filtration rate (GFR) and the pathophysiology of the disease in adult and pediatric patients, PopPK has also been used to guide the pediatric clinical trial design of teduglutide in neonates and infants. 17 The main objective of this study was to systematically characterize the pediatric predictive performance of both PBPK and PopPK approaches for drugs predominantly eliminated via kidney. By considering physiologic changes (multiple for PBPK described by Johnson et al. 7 and body weight for PopPK) and renal function maturation (both approaches) in pediatrics, predictions of drug exposure by both approaches were compared with clinical observations conducted in infants, children, and adolescents. The work flow is illustrated in Figure 1 . The PBPK model of each drug was built and optimized using published adult clinical PK data. The accuracy of pediatric exposure was evaluated by comparing simulated concentration-time profiles with observed clinical PK results in children at respective age groups for each drug. Simulations using structural models developed in adults with plausible combinations of covariates were performed to assess the predictive performance of PopPK modeling in children.
METHODS
Compound selection and clinical data collection
The FDA New Pediatric Labeling Information Database, 18 University of Washington Drug Interaction Database, and PubMed.gov website were searched for pediatric clinical studies. Drugs with at least 60% of the dose excreted unchanged through urine were considered. Additional criteria include: (1) at least two separate clinical studies in adults with intensive PK sampling; (2) PK studies in pediatric population in more than two age groups; and (3) PK studies in children younger than 2 years old. Clinical plasma concentration profiles and variability (if available) were digitized using PlotDigitizer version 2.6.3 (Huwaldt and Steinhorst). Five orally administered drugs: ceftibuten, cetirizine, levocetirizine, pregabalin, and sotalol and four i.v. administered drugs: avibactam, ceftazidime, meropenem, and vancomycin were evaluated for the PBPK approach. For evaluation of the PopPK approach, models generated using adult clinical data were obtained from literature for avibactam, ceftazidime, meropenem, pregabalin, and vancomycin. Detailed clinical trial information for each study of nine drugs is described in Supplementary Table S1. PBPK modeling Population component. The PBPK model was constructed using a population-based absorption, distribution, metabolism, and excretion simulator, Simcyp version 14.1 (Sheffield, UK). Default system parameter values of a virtual healthy volunteers population (physiological parameters, including liver volume and blood flows, and enzyme abundances) were reported by Howgate et al. 19 The pediatric module that includes the PBPK model together with extensive libraries on pediatric demography (age, height, weight, and body surface area), developmental physiology (liver size, renal function, and liver blood flow), and biochemistry (albumin, CYP ontogeny) was used to predict PK in pediatrics 7 once a drug model was developed in adults. The advanced dissolution absorption metabolism model was applied to describe the drug absorption process. 20 This model contains information on the size of the gastrointestinal tract, fasted and fed gastric pH, fasted and fed bile concentration, fluid dynamics, feed type, stomach volume, and how these change with age from birth onward; other parameters, such as gastric emptying and intestinal transit times, have been shown to be at adult values from birth. 21 The PK simulations in adults and pediatrics were conducted using the same clinical study conditions as reported in the actual clinical trials (Supplementary Table S1 ). The 10 trials of 10 subjects per trial were applied for all drugs. Mean and distribution of demographic covariates and drug parameters were generated using a Monte-Carlo approach, under predefined study designs, within Simcyp. 22 Development and optimization of PBPK models in adults. Detailed drug-specific parameters are listed in Supplementary Table S2 . The effective permeability values of sotalol in man calculated from in vitro data do not correlate with the high permeability and bioavailability profile observed clinically, 23, 24 therefore, permeability values for sotalol were optimized to describe adult PK profile, as reported by Feras et al. 12 Similar approaches were used for ceftibuten 25 and pregabalin 26, 27 with effective permeability in man values optimized to 1.2 and 6.0*10 24 cm/s, respectively, to describe the absorption profile for both drugs. Preclinical studies suggested intestinal uptake transporters may contribute to cetirizine absorption. 28 Therefore, absorption of cetirizine and levocetirizine (R-enantiomer of cetirizine) was parameterized as the combination of an in vitro estimated apparent passive permeability 56.0*10 26 cm/s with an active intestinal uptake of 5.0 mL/min to capture absorption profiles observed clinically. Full PBPK models were used to describe tissue-plasma partition for all drugs and the volume of distribution of each drug was predicted using the Poulin and Theil or the Rodgers and Rowland method. 29, 30 Multiple published adult clinical data were reviewed and the median reported clearance and dose excreted unchanged through urine values were used to estimate the renal clearance and additional systemic clearance with the retrograde method, a feature included in Simcyp ( Table 1) .
PBPK simulation in children. The PBPK models verified in adults were used to predict plasma concentration profiles in children using the virtual pediatric population incorporated within Simcyp for different age groups, which are defined as: neonates (0-1 month), infants (1 month to 2 years), young children (2-6 years), school aged children (6-12 years), and adolescents (12-18 years). The virtual trial design (age range, male/female ratio) was kept the same as reported in the actual clinical studies for each drug (Supplementary Table S1 ). Most of the drugs are excreted unchanged via the kidneys, but nonrenal clearance could still contribute a reasonable portion of the overall clearance for certain drugs ( Table 1, Supplementary Table S3) .
Ontogeny of renal function (GFR) captured in the Simcyp pediatric module, as described by Johnson et al., 7 was used. No ontogeny was applied for nonrenal clearance for all drugs except for meropenem, which was assumed to have similar maturation profile as GFR. The assumption that ontogeny of active tubular secretion or reabsorption is the same as for GFR was applied in all simulations.
PopPK modeling PopPK models in adults. PopPK models developed using only adult data were adapted from literature for avibactam, 31 ceftazidime, 31 meropenem, 32 and vancomycin 33 via i.v. administration and pregabalin 34 via oral administration.
A PopPK model was not available for the other four drugs; hence, no evaluation was conducted. PopPK models developed with pediatric clinical studies were not used as the purpose of the current analysis was to extrapolate from adults to pediatrics. When multiple PopPK models are available, models with relevant covariates (creatinine clearance [CRCL], body weight) and those developed in the same ethnic group between adults and children were selected. The age effect was fixed to one if the age was a significant covariate in the adult PopPK model. If the disease state was a significant covariate in adult models, the disease effect in children was reevaluated based on the nature of the disease and the detailed clinical trial information. The PopPK models were refined by keeping only relevant covariates before extrapolation. Detailed information of the PopPK models can be found in Supplementary Table S4 .
Predictions in pediatrics. Simulations were performed with refined PopPK models in both adults and children. The simulation datasets for each drug were generated via a Monte-Carlo approach, as described by Li et al. 31 For each simulation in children and adults, 1,000 subjects (500 in each gender) were created using randomly assigned percentile of body weight and height in each age group based on the growth charts from the Center for Disease Control and Prevention. 35 Specific dosing information was applied as reported in respective clinical trials. The CRCL values in children were estimated using the equations described by Schwartz et al. 36 for neonates and infants or by Rhodin et al. 37 for 2 years and older. Therefore, a maturation of renal filtration was also applied in the PopPK modeling approach.
15,37 NONMEM version 7.3 (Hanover, MD); Perlspeaks-NONMEM version 4.4 38 were used for all PopPK simulations.
Model evaluation
The predictive performance was evaluated for each drug at each age group by overlaying the observed concentrationtime profile with the model predicted profile and 90% predictive interval. The prediction accuracy for area under the curve (AUC), maximum plasma concentration (C max ), and clearance values were calculated as a ratio of mean predicted values over mean observed values with a ratio SD (Ratio sd ): 13, 39 Ratio sd 5
Where sd(observed) and sd(predicted) are the SD of observed and predicted values; mean(observed) and mean(predicted) are the arithmetic mean of observed and predicted values, respectively. Model performance was qualified by comparing the mean ratios 6 Ratio sd with the lines of identity (prediction/observation ratio of one) and the twofold window, which has been applied for determination of successful prediction of pediatric PK modeling.
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RESULTS
Data collection
A total of 36 clinical studies were available across all pediatric age ranges, 2 studies in neonates (<1 month old), 11 studies in infants (1 month to <2 years), 10 studies in young children (2 to <6 years), 9 studies in school-aged children (6 to <12 years), and 4 studies in adolescents (12 to <18 years). Detailed data specification and clinical trial information for these nine drugs is presented in Supplementary Table S1 .
PBPK modeling in adults and children
The developed PBPK models were first verified with clinical studies in adults to demonstrate that the models could reasonably predict drug exposure in adult populations before predictions in pediatrics. Using the same drug models validated in adults, pediatric PK was predicted with the same age range, male/female ratio, and dosing information, as in the actual clinical trials, which provided reasonable prediction for each drug in children across all age groups. For avibactam, ceftazidime, and meropenem via i.v. administration (Figure 2) , the predicted clearance values across all pediatric age groups were within 50% error. A larger prediction error was observed for vancomycin, in which the clearance ratios of all prediction were within a generally accepted twofold error range, except neonates at 0 to 1 week and infants 2-4 months (ratios were 4.39 and 2.39, respectively). The predicted AUC and C max for five orally administrated drugs compared with those observed clinically are shown in Figure 3 . The exposure values of these drugs were reasonably predicted for all age groups, and the ratios of predicted over observed AUC or C max values mostly fall in the range of 0.67 and 1.5 (50% error). There were slightly larger errors in C max for cetirizine in infants 0.5-2 years (ratio of 1.56) and C max for sotalol in those younger than 1 month (ratio of 1.51). The predicted concentration-time profiles of pregabalin overlaid with observed exposure in adults and all pediatric age groups are presented in Figure 4a . Clinical meropenem, S33 and vancomycin. 42 ,S30 The bottom two labels in the meropenem infant groups indicate a study in children 3 months to 1 year old and the top two labels indicate a study in children 1-2 years old. The bottom two labels in the vancomycin infant groups indicate a study in children 2-4 months, and the top two labels indicate a study in children 2-7 months old. observed plasma concentrations evenly distributed along with the model predicted profile and most observations were within the 5th percentile and 95th percentile of the prediction. The predicted concentration-time profiles overlaid with observed exposure for other drugs can be found in Supplementary Figures S1-S8 . The plots indicated that the developed PBPK models can reasonably predict the exposure for these renal eliminated drugs in children down to the age of 1 month (Supplementary Table S5 ). About 70% of administered meropenem is eliminated unchanged through the kidneys and 30% of meropenem is metabolized by renal dehydropeptidase-1 (DHP-1). Two PBPK models were constructed to assess the ontogeny of DHP-I for 3-month to 2-year-old infants. Model 1 (final model presented in Figure 1 ) assumes DHP-1 had a similar maturation profile as GFR, whereas model 2 assumes full maturation at birth for this nonrenal elimination pathway. The median prediction trends of clearance values by two models were compared with those observed in infants 3 months to 2 years old ( Figure 5 ). Without consideration of the maturation of DHP-1, model 2 overpredicted meropenem clearance in infants. The mean ratios of predicted over observed clearance of meropenem in infants from 3 months to 1 year and 1 to 2 years were 1.23 and 1.02, respectively, by using the model 1 approach.
The ratios of predicted over observed mean clearance values from all nine drugs were also plotted across all age groups (except neonates) in Figure 6 . Collectively, 33 of 34 predictions were within the 0.5-2.0 range (twofold error); and 31 of 34 predictions were within the 0.67-1.5 range (50% error). Eleven clinical studies were available in infants between 1 month and 2 years old and 10 of 11 of the predicted clearance were within 50% error of observed values. The ratios of predicted over observed mean clearance for all these studies in adults (verification datasets) and children across all age groups can be found in Supplementary  Table S5 .
Prediction of drug PK in adults and children using PopPK modeling PopPK models obtained from literature were first evaluated by simulating adult PK using datasets with covariates (CRCL, body weight) to predict adult PK data not used for model construction. The ratios of predicted to observed clearance were 1.05, 0.81, 1.02, and 1.07 for avibactam, ceftazidime, vancomycin, and pregabalin, respectively, in adults ( Figures 2 and 3, Supplementary Table S5 ), indicating the PopPK models can reasonably capture other clinical studies in adults. Then, the PopPK models were applied to predict PK in pediatrics. Predicted clearance values were all within twofold error of observed values in children across all age groups, except for meropenem in infants (19 of 21) . In addition, 14 of 21 predictions were within 50% error of observed values. In children younger than 2 years old, the ratios of clearance were 0.90, 1.06, and 1.08 for avibactam, ceftazidime, and pregabalin, respectively, and 1.37, 1.26, and 0.85 for vancomycin in 0-1 week, 2-4 month, and 2-7 month infants, respectively. The predicted concentration-time profiles of pregabalin were also in good agreement with the clinical observed drug exposure in all pediatric age groups, indicating reasonable extrapolation of the PopPK modeling approach (Figure 4b) . The predicted concentration-time profiles overlaid with observed exposure in different age groups for other drugs can be found in Supplementary Figures S1-S8 . For meropenem, more than 50% prediction error was observed in adults (ratio of 1.74). Significant over prediction of clearance was also observed in infants 3 months to 1 year (ratio of 3.63) and 1 to 2 years (ratio of 2.82).
DISCUSSION
The FDA requires pediatric study plans before the end of phase II clinical trials and an approved pediatric investigation plan is required before a marketing authorization application can be submitted to the European Medicines Agency (EMA). 40 Pediatric PBPK and PopPK modeling approaches using only adult clinical trial results become exceptionally valuable if accurate extrapolation can be achieved to guide selection of doses in first-in-pediatric studies. In this study, the predictive performance of the PBPK modeling approach was systematically evaluated using nine renally cleared drugs. In comparison, the performance of the PopPK modeling approach was also characterized using five of the nine drugs.
The PBPK modeling approach could predict clearance for all nine drugs in the studies from infants to adolescents Figure 3 Physiologically based pharmacokinetic (PBPK) modeling performance of oral drugs in adults and children. Predictions are expressed as ratios of predicted over observed of area under the curve (AUC) and peak plasma concentration (C max ) values: mean AUC (blue triangles) and C max (red circles) with SD (bars). The dashed line represents the identity (predicted/observed ratio 5 1), and the gray shade represents the 0.5-2.0 ratio window. Some literature sources are presented in the Supplementary Material online. Observed data sources for ceftibuten, S4,S34,S35 cetirizine, S11,S36,S38 levocetirizine, S8,S39,S40 pregabalin, S18,S41 and sotalol.
S23,S42 The bottom two labels in the cetirizine young children groups indicate a study in children 2-4 years old and the bottom two labels indicate a study in children 2-6 years old. (1 month to 18 years old). The twofold range of the prediction accuracy is a commonly used standard in pediatric PK modeling, 14 and in vitro-in vivo extrapolation prediction. 41 Although twofold boundaries are wide for drugs with PK parameters that have low variability and have been accurately characterized with large sample size, such boundaries are considered reasonable when the observed data are obtained from studies with small sample size. 41 Considering many clinical studies were conducted in less than 10 subjects for a specific age group (Supplementary  Table S1 ), a twofold boundary is considered to be reasonable in the current analysis. The only clearance prediction in 1 month to 18 years studies that exceeded the twofold range was for vancomycin in 2-4 month infants (mean ratio of 2.39). However, the PBPK could reasonably predict clearance of another vancomycin study 42 in 2-7 month infants (mean ratio of 1.50), suggesting that larger interstudy variability and relative small sample size may contribute to the prediction error. Two studies conducted in neonates were also evaluated. The clearance value of vancomycin was significantly overestimated in neonates at 0-1 week old, whereas the sotalol PBPK model was able to predict the drug exposure in neonates at 0-1 month old. The impact of infection on vancomycin PK in neonates cannot be fully characterized, which could be part of the reason for overestimation of vancomycin clearance. However, cases in neonate extrapolation are still limited, and more validations are necessary to determine if PBPK modeling could predict renally eliminated drugs in neonates.
Active tubular secretion has been suggested to contribute to the renal excretion of avibactam, 43 cetirizine, 44 levocetirizine, 44 meropenem, 45 and sotalol S21 and active tubular reabsorption was reported for pregabalin. S20 However, there currently is not enough information on the ontogeny of renal transporters to be considered within a pediatric PBPK model. The assumption that ontogeny of active tubular secretion or reabsorption is the same as for GFR was applied in our current simulations and the results indicated ontogeny of GFR could be a reasonable surrogate for these drugs with active tubular secretion or reabsorption.
The drugs selected in this study were predominantly eliminated via the kidneys, but the impact of age on nonrenal clearance should also be appropriately considered. With the exception of meropenem, the nonrenal clearance in PBPK models was parameterized as additional systemic clearance, in which the same nonrenal clearance values were applied for both adults and children. The metabolism of meropenem is primarily catalyzed by renal DHP-1 46 and accounts for about 30% of total elimination. By assuming that maturation of renal DHP-1 enzyme was similar to renal function, reasonable agreement between prediction and observation was achieved in 3 month to 2-year-old infants. Nonrenal clearance accounts for 38% and 34% of total drug elimination for ceftibuten and cetirizine, respectively. Ceftibuten is metabolized through an unknown pathway generating a trans-isomer metabolite, which accounts for about 10% of the total dose. 47 The metabolism of cetirizine was not well-characterized and two minor metabolites were identified accounting for <7% of the total dose. 48 Neither of these two drugs had clinical data on children younger than 6 months; therefore, no ontogeny was applied on nonrenal clearance for either drug. The ceftibuten model reasonably predicted the AUC ratio (1.05) in children 0.5-3 years old, which suggested potential fast maturation of nonrenal elimination. A larger, but still acceptable, prediction error was observed for cetirizine in infants 0.5-2 years old (AUC ratio of 0.71). PBPK model performance may be improved by including the ontogeny characterization of the nonrenal clearance pathway in this age group for cetirizine. However, arbitrary inclusion of the maturation factor could potentially improve the prediction performance for some drugs or for certain age groups but may introduce bias for other drugs or other age groups. In comparison to PBPK, PopPK modeling is a conventional approach to predict pediatric drug exposure from adult PK information with or without consideration of ontogeny. 15, 49, 50 Only five of nine renally eliminated drugs with the adult PopPK model were available for analysis and 19 of 21 predicted clearance values (20 of 21 for the PBPK approach) were within twofold of those observed in children 1 month and older. In addition, 14 of 21 (18 of 21 for the PBPK approach) predictions fall within the boundaries of 0.67-1.5 of the observed values. For meropenem, a large prediction error (clearance mean ratio of 1.74) was observed in healthy volunteers using the reported PopPK model developed in adult infection patients, indicating that the disease state may significantly contribute to PK differences. In the meropenem PopPK model, CRCL was a covariate on clearance, and body weight was a covariate on volume of distribution. Even when these scalable covariates were included, the model was not able to accurately extrapolate the clearance in infants under 2 years old (Figure 2) . The poor performance may result from missing maturation characterization of nonrenal elimination pathway, which contributes 30% to total clearance in adults. Due to the limited number of available PopPK models, additional investigations are still warranted to fully characterize the modeling performance when extrapolating pediatric drug exposure using this approach.
In conclusion, this analysis provides a systematic characterization for renally eliminated drugs demonstrating that both PBPK and PopPK approaches can reasonably predict exposure in children. PBPK models provided reasonable prediction of all drugs in children 1 month and older, 33 of 34 of the predicted mean clearances were within twofold of the observed values, and 31 of 34 predictions were within 50% error. Similar prediction accuracy was also achieved in infants between 1 month and 2 years old, 10 of 11 of the predicted mean clearance values were within 50% of the observed values. Prediction of pediatric exposure using PopPK also exhibited reasonable modeling performance in children, except the case of meropenem in infants younger than 2 years old. Both approaches share the same "learnand-confirm" principles ( Figure 1) . First, the PBPK model in adult is built using drug-specific physiochemical, preclinical, and clinical information. Similarly, the PopPK model is developed using clinical studies in adults in which key covariates (CRCL and body weight) should be incorporated appropriately. Second, the developed PBPK or PopPK model should be verified with additional clinical studies in adults to demonstrate that the models could reasonably predict drug exposure in the adult population before predictions in pediatrics. Model refinement might be necessary at this step. Finally, using the validated drug model in adults, pediatric PK then can be predicted for different age groups by applying ontogeny of renal function and/or age-dependent physiological changes through a PBPK approach. For the PopPK approach, simulations using verified models with plausible age-related covariates (such as CRCL and body weight) would also provide reasonable extrapolation for renally cleared drugs in children. 
